Abstract We describe here a method to obtain the position of a coronal moving feature in a 3D coordinate system based on height-time measurements applied to STEREO data. By using the height-time diagrams from the two SECCHI-COR1 coronagraphs onboard STEREO, one can easily determine the direction of propagation of a coronal mass ejection, i.e. if the moving plasma is oriented towards or away from the Earth. This method may prove as a useful tool for space weather forecasting, by easily identifying the direction of propagation as well as the real speed of the coronal mass ejections.
Introduction
Coronal mass ejections (CMEs) are a direct consequence of the dynamic nature of the solar atmosphere. They are enormous eruptions of plasma ejected from the Sun into interplanetary space, over the course of minutes to hours. They can create major disturbances in the interplanetary medium and trigger severe magnetic storms when they collide with the Earth's magnetosphere. The LASCO coronagraphs (Brueckner et al., 1995) onboard SOHO spacecraft, have provided unprecedented observations on CMEs. Since coronagraphs measure mainly the photospheric light scattered by free electrons in the corona, giving the integrated density along the line of sight, they only provide us a particular view of a CME projected on the plane of the sky. From the LASCO images, it is not possible to infer the true direction of propagation of the CMEs. The new data from the Solar TErrestrial RElations Observatory (STEREO) which was launched in October 2006 provided us with the first-ever stereoscopic images of the Sun's atmosphere. The two STEREO spacecraft A and B orbit the Sun at approximately 1 AU near the ecliptic plane with a slowly increasing angle of about 45
• /year between them. The stereoscopic images obtained from the Sun Earth Connection Coronal and Heliospheric Investigation (SECCHI) (Howard et al., 2008) aboard STEREO will help us to determine the location of the CME in 3D space and to derive their true direction of propagation.
In the past, coronagraph data have been analyzed by means of height-time (HT) diagrams. HT measurements have been widely used in order to track moving features in the solar corona. Most of these measurements are obtained by choosing a specific feature in a time-lapse movie and tracking its position with time. More sophisticated HT techniques have been developed in order to automatically detect the faintest moving features in an image (see e.g. Sheeley et al., 1999) . The advantage of HT technique is: 1) immediate display of motion and speeds; 2) sensitivity, it can pick up the faintest features and detect their motions. The success of this method suggests its potential applicability to STEREO data analysis.
Several techniques have been developed to infer the location of coronal structures in 3D space (Pizzo and Biesecker, 2004; Inhester, 2006; Feng et al., 2007; Aschwanden et al., 2008) . Geometric parameters of halo CMEs have been previously measured (Zhao et al., 2002; Michalek et al., 2003; Xie et al., 2004; Michalek, 2006 ) using a cone model technique applied on LASCO data. Their assumption is based on the fact that the CMEs propagate almost radially above 2 R and their angular widths remain nearly constant while propagating through corona. In another study, Cremades and Bothmer (2004) derived the geometrical properties of structured CMEs from a set of 124 flux rope CMEs observed in LASCO-C2 data. Based on this study, Thernisien et al. (2006) developed a forward-modelling technique for flux-rope-like CMEs in order to reproduce the CMEs morphology. Another technique that has been used to determine the three-dimensional structure of a CME makes use of polarization measurements of white-light corona (Moran and Davila, 2004; Dere et al., 2005) . In what follows, we present a technique based on height-time analysis, which allows us to quickly identify the direction of propagation of the CMEs and to determine their real cor1_htmethod1.tex; 11/08/2008; 12:01; p.2 propagation speed. We apply this technique to the data acquired with SECCHI-COR1 coronagraphs (Thompson et al., 2003) aboard the STEREO-A and -B spacecraft. A precise analysis of the COR1 data requires to take into account the complex geometric settings. These methods are used for loops and small scale structures on the Sun's surface. CMEs are large-scale and sometimes diffuse structures. The fronts and cores of CMEs can often be localized in the images only with reduced precision. As a consequence, we can lift some of the geometrical constraints and simplify others, and hence make the analysis more transparent and faster. In brief, we will work under the following simplified assumptions: 1) neglect the distance of the spacecraft off the ecliptic and 2) affine geometry.
The Instrument and the Observations
The SECCHI (Howard et al., 2008) on STEREO mission is a suite of remote sensing instruments consisting of an extreme ultraviolet imager, two white light coronagraphs and a heliospheric imager. The SECCHI-COR1 coronagraph is a classic Lyot internally-occulted coronagraph which observes the white light corona from 1.4 to 4 R (Thompson et al., 2003) . The coronagraph includes a linear polarizer which is used to suppress scattered light and to extract the polarized brightness signal from the solar corona. The detector is an EEV model 42-40 CCD, with 2048 × 2048 pixels, 13.5 µm on a side. The nominal spatial resolution is 7.5 arcsec (pixel size of 3.75 arcsec). Typically, the COR1 images are 2×2 binned onboard before telemetering to the ground. The polarized brightness is extracted from three sequential images taken with polarization of 0
• , 120
• and 240
• . The cadence of a sequence is every 5 or 10 min. A monthly background is subtracted from each polarization component in order to remove the scattered light and the F-corona. These background images are available at the STEREO COR1 web site 1 . They are derived from a daily background which is built based on a combination of pixel-by-pixel median and minimum filters. These daily images are then combined over four weeks period to form minimum background images. For this study, we used total brightness images, taken on 15 May, 20 May and 5 June 2007. Coronal mass ejections were observed on these days at position angles (PA) around 90
• , 180
• , respectively (see Figure 1 ). In order to remove the contribution of the streamers and visualize the contribution of the CME alone, we subtract a minimum model image. The image is created by taking the minimum value in each pixel, over the images of the day when the CME was observed. The final images were rotated in order to align them in STEREO mission plane (the plane which contains the two spacecraft A and B and the Sun). EUVI disk images have been inserted after coaligning them with the COR1 images. These images taken by SECCHI-EUVI (Extreme Ultraviolet Imager) show the UV solar corona in the line of Fe xii, at 19.5 nm (corona around 1.5 MK). The source region of the CME on 20 May was identified as the bright active region at the center of the solar disk (see Figure 1 , middle panels). For the other two CMEs, there were no visible changes in EUVI data to infer if the CMEs were frontsided. 
Method Description
The two observer positions and any object point to be reconstructed exactly define a plane. Varying the object point, all such planes have in common that they contain the two observer positions. The planes from this set are called epipolar planes (Inhester, 2006) . They project on both observer's images as lines, called accordingly epipolar lines. The epipolar planes supply a natural coordinate system for stereoscopic reconstruction.
The objects we deal with here are localized blobs of plasma which we can discriminate in a CME cloud. The selection of the features to be tracked was based simply on the fact that they were easily and unambiguously identifiable by naked eye in both A and B images. Because these features are part of the global CMEs their selection will not affect our results regarding the determination of the direction of propagation of the CME. As we have seen in the previous section, the blobs are often still diffuse and cannot be localized to high precision compared to, e.g., loops in EUV images. For this reason, we argue that it is justified to relax the reconstruction constraints slightly.
For this study we have assumed that: (1) the two spacecraft are in the ecliptic plane, i.e. the STEREO mission plane and the ecliptic are approximately the same and (2) we use affine geometry for the reconstruction instead of projective geometry. As a consequence, we can treat epipolar planes in each image as being parallel to the ecliptic.
The first assumption is justified since the orbits of the two spacecraft are very close to the ecliptic plane. Be z scA , z scB their distance off the ecliptic, d AB their mutual distance and d sc their distance from the Sun center. From our simplified calculations we will obtain the 3D position of an object in spherical coordinates (R 3D , θ, λ) relative to the epipolar plane through the Sun center. We therefore essentially ignore the final rotation of these coordinates into the ecliptic system. The error affects mainly the latitude and longitude angles θ, λ and its magnitude is of the order of the rotation angles between the epipolar and the ecliptic system: atan2(z scA − z scB )/d AB and atan(z scA + z scB )/2d sc . For the cases treated here these angles never exceed 3
• . The second assumption affects the reconstruction more fundamentally. In an image, a distance R of an object from the projected center of the Sun measures the angular difference between two view directions. We assume that all objects we see in the coronagraph images are close to the Sun and therefore interpret R as a distance d sc tan R from the line-of-sight to the Sun center. Its real magnitude, however, is d obj tan R where d obj is the object's true distance from the spacecraft. The relative error we commit is therefore
For an object at 4 R in front of the Sun the error amounts to 2%. This error seems tolerable compared to the precision with which we can determine R for plasma blobs in CMEs. This error may, however, increase for the final 3D position since the depth of the object is calculated from the difference of two such distances R. For a small base angle γ this difference is small and the relative error accordingly enhanced.
From these assumptions and using a simple geometry (Figure 2) we can get the position of the object in spherical coordinates:
where
R A is the distance from the projected feature in image A to the Sun center and φ A is the ecliptic position angle (EPA) (measured counterclockwise from the north ecliptic pole of each image). The equations are derived in the Appendix. The geometry on which the equations are based is described in Figure 2 . The left panel of Figure 2 represents the view from image plane B. At the top of the image is the north pole (N) of the ecliptic. A similar geometry is valid for the feature in image A. The right panel of Figure 2 shows the view from the north pole of the ecliptic.l A andl B are unit vectors in the view direction of spacecraft A and B. The angle γ betweenl A andl A is the separation angle of the two spacecraft.
Application of the Method to the COR1 Data
Using the equations derived in the Appendix, one can get the position in a 3D coordinate system of a moving feature. In this way the position of the CME at each instant can be inferred and the direction of propagation can be derived. The real speed can then be calculated by estimating the time derivative of R 3D (see the Appendix). The HT diagrams here are produced by tracking a particular feature in a sequence of images covering the CME. The specific features of these three CMEs are marked in Figure 1 by the arrows. These are plane-ofsky measurements similar to those produced in the past using coronagraph data [Srivastava et al. (2000) , Yashiro et al. (2004) and references therein]. The EPA of these features is also measured for each point, at a given time. The HT diagrams are shown in Figure 3 . The left panel of Figure 3 shows the height (upper plot) and the ecliptic position angle (lower plot) versus time for the CME on 15 May. The moving feature is observed at a EPA of around 80
• on both A and B images. Note that the distance of the identified feature from the Sun center (measured in solar radii) is slightly larger in A as compared with B. The middle panel of Figure 3 shows the HT plot for a point on the leading edge of the CME observed on 20 May. The point could be easily identified in both A and B images because of its particular shape (see Figure 1 , middle panels). The CME is observed Figure 3 . Plots of height (upper panels) and ecliptic position angle (lower panels) versus time for the objects indicated by arrows in Figure 1 . The ecliptic position angle of the tracked object is measured from the north ecliptic pole, counterclockwise. The errors estimate the uncertainties in selecting the tracked objects: 1 • (i.e., three pixels at 1.4 R and nine pixels at 4 R ) in azimuthal direction and 0.038 R (5 pixels) in radial direction.
below the south pole of the Sun (EPA around 180
• ). Its distance from the Sun center is the same on A and B images, unlike the first event. However, A and B differ in the EPA. The right panel in Figure 3 shows the HT for the CME on 5 June, at the south-west limb of the Sun (EPA around 240
• ). In this case the distance measured in STEREO A image is larger than for STEREO B. Using these HT plots and the knowledge of the ecliptic position angle of the location of the CME, we can infer if the tracked moving feature is part of a frontside or backside CME. The features tracked in our work to make the corresponding HT diagrams are different from those selected by Yashiro et al. (2004) . They tracked the fastest structures in CMEs while we concentrate in those features that could be identified in both images. Nevertheless, their analysis were performed on LASCO data, so only the projected parameters could be determined. Note that this analysis (of a specific structure of the CME) will not give the information about the entire CME (particular parts of the CME could have different speeds (see e.g. Low and Hundhausen, 1987) ), and we may not be able to derive general properties from these events. Figure 4 shows the plot of the distance from the Sun center (R 3D ) (upper panels), of the ecliptic longitude (middle panels) and of the ecliptic latitude (lower panels) with time for the three tracked features. The ecliptic longitude is measured with respect to the median plane of the two spacecraft (i.e. the plane which contains the midpoint between the two spacecraft) (see the Appendix). The value of the longitude ranges between −180
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• and 180
• . This also means frontside disk longitude ranges between −90
• and 90
• . We see that for the CME on 15 May, the longitude is around -70
• , meaning that the event is observed on the visible part of the solar disk, close to east limb. The distance from the Sun center of the CME core is observed in the ranges between 2.4 and 3.2 R . The latitude was estimated around 14
• . The slight temporal changes in longitude and latitude (the feature is moving towards the central meridian and away from the ecliptic) suggest that the magnetic field of the surrounding regions is strong enough with a configuration such that can deviate the moving plasma (at least at the heights under consideration, i.e., up to 3 R ). The deflection of the CMEs from the radial direction has been also observed in the past [see e.g. St.Cyr et al. (1999) for MLSO and SMM data and Cremades and Bothmer (2004) for LASCO data]. The CME on 20 May is observed at a ecliptic longitude of around −2
• , meaning that it is a front side CME. The latitude is around −30
• (south of the ecliptic). The leading edge of this CME could be tracked up to a distance of 6 R . In this distance range the ecliptic longitude is constant. The CME on 5 June is a back side CME (longitude around 132
• ), observed on the west side of the Sun. The constant values of the ecliptic longitude and ecliptic latitude suggest a radial motion of the tracked feature, i.e. at distances higher than 3.5 R no influence of the surrounding regions is observed. From HT plots and the EPA of the tracked feature we can infer if the plasma is directed towards or away from the Earth. If we do not have a unique feature but just an extended CME front, we can still obtain HT diagrams by: 1) selecting an epipolar line (z should be the same in A and B), 2) determining intersection of the epipolar line with the front in the two images and measure R A and φ A , R B and φ B . The epipolar constrain z = R B cos φ B = R A cos φ A is satisfied as a result of this construction.
We also can get the approximate position of the moving feature in a 3D coordinate system and the true radial speed of the feature. For the event on 15 May the projected speeds are 125 km s −1 (spacecraft A) and 99 km s the data obtained from previous coronagraphs, without incorporating source locations from disk images such EIT. As a consequence, this simplified method applied to the SECCHI, in particular to COR1 data may prove as a useful tool for space weather forecasting. We should point out that one of our assumptions, i.e. affine geometry depends on a ratio of the distance between the Sun and the object to the distance between the Sun and the observer. In order for our assumption to be valid that ratio should be small. Therefore this method cannot be applied to Heliospheric Imager (HI) data.
of z can be directly retrieved for each point in an image. One of the constrains of the epipolar geometry is that the value of z must be the same for corresponding pair of points in the two images A and B, i.e.,
Here, R B , R A are the distances from the Sun center as measured in an HT diagram and φ B , φ A are the respective position angles measured from ecliptic north counterclockwise (see Figure 2 , left panel). Equation (2) can be verified from Figure 3 : For the CME of 15 May, at east limb (EPA around 90 • ) z is around 0 for both A and B images. For the CME on 20 May, seen at the south pole (EPA around 180
• ), the distance from the Sun center to the corresponding features observed in A and B images are equal, i.e. z A and z B are equal. For the CME on 5 June, seen at SW limb (EPA around 245
• ), both R and φ are different, but z is approximately the same for A and B images. This demonstrates that we follow the same feature in the two images.
The 3D position of an object on epipolar plane z is then
where the position R 2D in the epipolar plane relative to the projection of the Sun's center onto the plane could be written as:
Here, α and β are parameters to be determined. The projection of our object on image plane B (i.e., alongP B =l B ×ẑ) is represented by the thick solid arrow in the right-hand-side panel of Figure 2 and it has a value of −R B sin(φ B ). This can be easily inferred from the left-hand-side panel of Figure 2 which shows the view in the plane of image B. Similarly, its projection on image A (i.e., alongP A =ẑ ×l A ) is −R A sin(φ A ) Multiplying Equation (4) withP A andP B we obtain the values for α and β if we make use of the relationsl B ·l A = cos γ,l B ×l A =ẑ sin γ. The position of the object in the epipolar plane is then:
and the magnitude of this vector is R 2D = α 2 + β 2 + 2αβ cos γ. Knowing R 2D and the distance of the epipolar plane with respect to the Sun center (z ) we can get the position of our moving feature in a 3D coordinate system:
with a magnitude of R 3D = (R 2D ) 2 + z 2 . The ecliptic latitude [see Thompson (2006) and references therein, for a detailed description of the coordinate systems] is obviously given by:
which is unique within the allowed latitude range [−π/2, π/2]. Supposing that the Earth is situated at equal angles between STEREO A and B we can obtain the difference ∆λ in ecliptic longitude of the object from the Earth evaluating
The result is ∆λ = arctan tan (
where a = −R A sin φ A and b = R B sin φ B . As the ecliptic longitude ranges between −π and π, Equation (10) does not yield a unique value. Depending on the signs of numerator and denominator in the arctan of Equation (10), ∆λ falls into the angular ranges listed in Table 1 .
